On the basis .of Nariai's new formalism for dealing with the generation of sound from primordial cosmic turbulence, the intensity of sound (at the center of an expanding turbulent fluid sphere within the acoustic event horizon) an.d the ratio of sound energy to that of turbulence are numerically calculated for several values of n (a parameter specifying the decay law of cosmic turbulence) and M, (an .initial Mach number). It is shown that, contrary to Jones's assertion, the acoustic decay ,of, primordial cosmic turbulence is negligible irrespective of a concrete form of the spectral fQnction. It is also shown that a more reliable fixation of n is necessary to make clearer the formation of galaxies ·from cosmic turbulence. § 1. Introduction
The idea that protogalaxies are formed from primordial turbulence in an expanding universe was originaily proposed by von Weizsackeri> and Gamow, 2 ' and several specific features .of the cosmic turbulence were studied by one of the authors (H. N.) . 3 ' These authors considered an ordinary turbulence consisting of matter eddies, so that the turbulent motions were obliged to decay too. rapidly to arrive at a desirable result. After discovery of the 3°K background radiation, . however, Ozernoy and Chernin 4 ' revived the turbulence hypothesis by recognizing a sigilificant role of photon eddies in an early universe. Since then, the idea has mainly been developed by their group, 5 ' Japanese group including the authors, 6 ' and others,n to arrive at a satisfactory result.
On the other hand, on the basis of the Lighthill-Crighton theory, 8 ' Jones 9 > criticized the above idea by asserting that ~osmic turbulence cannot be supported against the decay due to the acoustic generation of sound after the epoch t* when the density of matter. was equal to that of radiation. However, Matsuda, Takeda and Sato 10 ' pointed out that Jones made an inadequate use of the Lighthill-Crighton theory and insisted upon that cosmic turbulence does not decay so rapid as Jones's assertion.
In the above situation, Nariaim has recently developed a formalism for dealing with the generation of sound from the cosmological turbulent medium in a bigbang universe. According to his theory, the intensity of sound at the center of an expanding turbulent spherical region within the acoustic event horizon can be expressed by a simple formula showing that the main contribution to the intensity. comes from the acoustic past time-like region rather than from points on the acoustic light-cone.
The aim of this paper is to decide whether lhe cosmic turbulence can survive against its acoustic decay up to. the decoupling epoch .tn of matter .from radiation " by calculating the intensity of sound in terms of Nariai's formula. In. § 2, after specifying several quantities of the background universe at its .relevant stage, the intensi~y formula is presented. In § 3 the decay law and the spectral function of cosmic turbulence are heuristically settled, both of which being necessary in the evaluation of the intensity. Section 4 is devoted to the reduction of various quantities for . convenience of numerical calculation. The results of numerical analysis are presented in § 5, and their relevance to the problem ~hether Jones's. assertion is adequate or not is discussed in § 6, § 2. The intensity of sound generated from-prim ... rdial cosmic turhulenc~ Let us .consider a Friedmann universe whose metric is of the form
where a ( t) stands for a scale factor specifying the cosmic expansion. Let us here introduce a new time variable z defined by. 
z=a(t)/a(t*),
According to Nariai's formalism/ 1 >.*> the propagation of sound waves in the universe under consideration is described by the retarded Green's function Gret (t, x; t', x') whose characteristic feature lies in the fact that acoustic phenomena at a space-time point (t, x) may come not only from points on the acoustic past light-cone "fj = ~. but also from points in the acoustic past time-like region r;>~ .
• *> According to Ozernoy 
witH and 
M(t').=v,(t')jv,(t') (: Mach number)
~here ti stands for an initial epoch, the .acoustic wave emitted at ~ prior to which instant cannot arrive at ~==0 at time t. In addition, the quantities v,(t') and ](t', ~) f(t', r) are the ones (at time t') appearing in the second-order velocity correlation tensor for an isotropic subsonic turbulence, i.e.,
vi(t,x)v1 (t,x+r) R.1 (t,r) =v/(t) {-t(ia,f) (r.r
Equations (2·6)-and (2·8) show that the main contribution to I(t) comes from the acoustic past time-like region ~ather than from the acoustic past lightcone, in a striking contrast with the situation in Proudman's intensity formula 12 > which is the basis of Lighthill-Crighton theory 8 > for the generation of sound from a static turbulent medium. § 3. An isotropic turbulence in the expanding universe To evaluate the intensity I(t) of sound as a function of t by the use of Eqs. (2 · 6) ""'-'{2 · 9), both the turbulent velocity v, (t) and the spectral function f(t, r)
should be settled in some way or other. . As insisted upon by Ozernoy and· Chernin,4> however, the primordial turbulence in a Friedmann universe ·befor~ the decoupling epoch tD can substantially be regarded as subsonic. In addition, it is natural to assume that the cosmic turbulence is isotropic. The validity of Eq .. (2 ·10) are based on these premises.
a) Decay law of turbulence
We have no definite manner to determine the temporal change of cosmic , turbulence during the ionized-matter dominated era. In spite of this, the result obtained by Tomita, Nariai, Sato, Matsuda and Take~da 6 l (a study of its thermal dissipation) is useful. According to them, before tD, the turbulent velocity Vt (t) and its decay rate Ed(t) =-(vN2)d{ln(sBa 4 
where Mi= ( vt/v,) i stands for the Mach number at t' = ti.
b) Spectral function
To settle the spectral function ](t, ~) f{t, r), we have to rely· on some hypothesis concerning the energy flow from bigger eddies to smaller ones. To get rid of this well-known complexity, let us assume that the Kolmogoroff law is applicable to the present problem, i.e.,
whose usefulness (after t*) for the eddies with {3i'"'"'1 was pointed out by Tomita et al. 6 To examine whether or not the above cutoff procedure affects seriously the intensity I(t), we shall also consider another spectral function covering the region where Kolmogoroff's law is valid, e.g.,
. Reduction of various quantities for numerical calculation
We are now in a position to evaluate the intensity I(t) of sound by making use of Eqs. (2·6), (2·8), (3·3) and (3·5) or (3·7). For that purpose, it is convenient to make reduction of various quantities appearing in the intensity formula.
Since the function i,(Vn 2 -~2) (v=3,4,5) appearinginEq. (2·8) forC(t',r;) does not vary so steeply in the domain of d~-integration, its contribution to the integral may be approximated by the follwing mean value:
Taking into account that the above power series is related to the modified Struve Lmction L,+112 (1/), we obtain Next let us enter into the fixation of parameters at the initial epoch t = t, for cosmic turbulence ( cf., Eq. (2 · 9) ). Generally speaking, the epoch t, must be taken to be earlier than t*, and so we have zi<z* =1 corresponding to b=v3/2 (cf., Eq. (2·5)). However, the applicability of Eqs. (3·1) and (3·4) to the cosmic turbulence before t* is very doubtful, although it is meaningful after t* but before tD.· Accordingly, with' some reluctance, we shall put zi=1 (5·2) without changing b=v3 /2 to _b=l. M9reover, taking into account several remarks in § 3, we may put as follows:
1 -n=1, 10/7, 0; A=1,
the last of which is due to a subsonic property of the cosmic turbulence.*'
b) Intensity of sound
As mentioned in § 3, we ar_e adopting the following two alternative spectral functions:
(1) and (II)
In terms of these spectral functions, we have performed the required numerical integration of Eq. (2 · 6). The intensities of sound thus obtained in the cases M,=0.1 and 0.5 are plotted in Figs. 1 and 2 , respectively. On the other hand, Fig. 3 corresponds to the case n = 0 and Mi = 0.5. As turbulence suddenly eme_rges at the epoch t = t;; the respective intensities abruptly increase, arriving then at a maximum value and decrease with time. The epoch specifying the intensity maximum in the case n=O is much later than the one in the other two cases n=1 and 10/7. -In the cases ?t=1 and 10/7, the cutoff value ~0 (t') of the spectral function . (I) becomes smaller than r; = r; ( t', t), i.e., the region where Kolmogoroff' s law is valid is inside the acoustic light-cone, as shown in Fig. 4 . On the other hand, *> The last value of M, stands for an extrapolated one.
-..... t. such a situation does not arise in the case n = 0. This fact gives rise to the abovementioned difference between the epochs of maximum intensity in the cases n = 1 and 10/7 and that in the case n=O.
c) The ratio of sound energy to turbulent energy
By making use of the above result for I(t), we can look for the ratio of ( t)·/ · (t) = I (t) /v. (t) e, et 
where
PB(t) =PBm(t) +PBr(t).
The results are shown in Figs. 5 and 6 corresponding to M = 0.1 and 0.5, re-spectively. In these figures, the increasing tendency of c, (t) /ct (t) with the lapse of time is due of course to the accumulation of sound energy, via its aco.~stic generation from turbulence.' The difference of ratios between the cases (I) and (II) is due to the difference of areas surrounded by f(t', ~), ~-axis and the line ~=~0 (t'), but not due to the existence of the tail, as shown in Fig. 7 .
Moreover, we shall examine such an extreme case of n = 0 and M;, =1.0,.
which is expected to be the most effective for the generation of sound. The result is plotted in Fig. 8 . It shows that, even in the most favourable case for sound generation, the ratio c,(t)/ct(t) becomes at most 2Xl0-2 at the decoupling epoch t=tn.
At the end of this section, we list up .in Table , It has been shown through the foregoing ~umerical calculation that the energy · of generated sound is very small compared with that of cosmic turbulence even in the most favourable situation for sound generation. Accordingly it may be said· that Jones's assertion on the acoustic decay of primordial cosmic turhulence is opposite to the real situation (from the standpoint of the turbulen~ origin of galaxies) in an early universe.
As shown in § 5, the obtained results depend very sensilily on the two parameters M, and n for cosmic turbulence. In particular, the characteristic eddymass .5lin takes various values according to the value of n; e.g., the obtained mass range of 4 X 10'.5li 0 :;:;.5lin:;:;2 X 10 12 .5li 0 is' far wider (for the lower limit) than that obtained by Sato, Matsuda and Takeda 6 > as l0 10 .5li 0 <.5lin<l0 12 .5li 0 . Such a difference is due to that of the definition of the lower mass limit qetween Sato et al's and ours, if we regard Eq. ( 4•8) with n =1 or 10/7 as the definition of the lower mass limit.
In consequence, it is very important for the turbulence theory of galaxy formation to find out a more reliable value of n, i.e., to establish a more realistic decay law of cosmic turbulence.
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